The herpes simplex virus (HSV) glycoprotein complex gE-gI mediates the spread of viruses between adjacent cells, and this property is especially evident for cells that form extensive cell junctions, e.g., epithelial cells, fibroblasts, and neurons. Mutants lacking gE or gI are not compromised in their ability to enter cells as extracellular viruses. Therefore, gE-gI functions specifically in the movement of virus across cell-cell contacts and, as such, provides a molecular handle on this poorly understood process. We expressed gE-gI in human epithelial cells by using replication-defective adenovirus (Ad) vectors. gE-gI accumulated at lateral surfaces of the epithelial cells, colocalizing with the adherens junction protein ␤-catenin but was not found on either the apical or basal plasma membranes and did not colocalize with ZO-1, a component of tight junctions. In subconfluent monolayers, gE-gI was found at cell junctions but was absent from those lateral surfaces not in contact with another cell, as was the case for ␤-catenin. Similar localization of gE-gI to cell junctions was observed in HSV-infected epithelial cells. By contrast, HSV glycoprotein gD, expressed using a recombinant Ad vectors, was found primarily along the apical surfaces of cells, with little or no protein found on the basal or lateral surfaces. Expression of gE-gI without other HSV polypeptides did not cause redistribution of either ZO-1 or ␤-catenin or alter tight-junction functions. Together these results support a model in which gE-gI accumulates at sites of cell-cell contact by interacting with junctional components. We hypothesize that gE-gI mediates transfer of HSV across cell junctions by virtue of these interactions with cell junction components.
Herpes simplex virus (HSV) replicates in tissues of epithelial origin such as the oral and genital mucosae and corneal epithelium. HSV spreads efficiently through these tissues, gaining access to sensory neurons, which eventually become the site of latency. In epithelial tissues, cells are joined by extensive cell contacts or junctions, and HSV and other herpesviruses spread across these cell junctions. By spreading rapidly from cell to cell through a space that is isolated by tight junctions, HSV races against the mounting immune response and also avoids neutralization by anti-HSV antibodies. It is well known that HSV can cause secondary lesions in the mucosae of individuals who produce high titers of anti-HSV antibodies, and the severity of disease does not correlate with antibody titers (12) . Thus, anti-HSV antibodies do not contain HSV spread in vivo, supporting the hypothesis that in solid tissues, e.g., epithelium, this form of direct cell-to-cell spread is a primary mode of virus transmission and an important parameter of HSV pathogenesis. Release of HSV particles from cells also occurs, although in most cultured cells the majority of virions remain cell associated. Extracellular HSV likely plays an important role in dissemination to other hosts, but in immune individuals experiencing recurrent disease a large fraction of the exogenous virus may be neutralized.
Spread of HSV by both the extracellular and cell-to-cell routes requires viral membrane glycoproteins gB, gD, and gHgL. Mutant HSVs with deletions affecting gB, gD, gH, or gL cannot enter cells, and if the mutants are grown on complementing cells (to provide the missing glycoprotein) the viruses can enter cells but do not subsequently spread beyond the initially infected cell (8, 16, 27, 43) . Therefore, cell-to-cell spread and entry of extracellular viruses share essential properties. However, these processes also differ in some significant aspects. Glycoproteins gE and gI, which form a functional complex (gE-gI) (24, 25) , play an important role in cell-to-cell spread but do not affect production of infectious virus or the rate at which extracellular virus particles bind to or enter cells, whether the virus is applied to the apical or basolateral surfaces of the cells (2, 14, 17a) . Similar results were reported for the gE and gI homologues of the related alphaherpesvirus pseudorabies virus (PrV) (57) . The reduced cell-to-cell spread of gE or gI mutant viruses was most evident in plaque assays involving cells that form extensive cell junctions, i.e., normal human fibroblasts and epithelial cells, rather than transformed cells. For example, as few as 3 to 7 normal human epithelial cells may become infected by a gE mutant, F-gE␤, compared with the 150 to 500 cells that become infected by wild-type HSV serotype 1 (HSV-1) strain F in plaque assays involving media overlays containing HSV-neutralizing antibodies (13) . Similarly, wild-type HSV-1 could infect and spread to approximately four times the number of cultured rat neurons than were infected by F-gE␤ (15) .
Apparently related to this inability to spread from cell-tocell is the fact that gE-gI mutants are also severely attenuated in vivo. In the corneal epithelium and skin of mice, gE-negative (gE Ϫ ) and gI Ϫ mutants form small lesions, spreading poorly beyond the initial site of infection, and over time produce much less infectious virus than wild-type HSV (2, 14) . In addition, gE Ϫ and gI Ϫ mutants fail to spread efficiently into and within the nervous system and cause less neurological disease than wild-type HSV (2, 14, 15, 26, 35, 40, 41) . We have proposed that gE-gI facilitates the movement of HSV across the extensive junctions formed between epithelial cells, fibroblasts, and neurons in vivo (15) . However, there is also evidence that PrV gE-gI may function in a more complex fashion in the nervous system, mediating entry into some neuronal circuits but not others and affecting neurovirulence (11, 48) .
The process by which enveloped viruses spread from cell to cell in solid tissues such as skin or mucosa is poorly understood, yet several virus families, herpesviruses and poxviruses being examples (44, 52) , rely heavily on direct cell-to-cell spread. Since HSV gE-gI appears to function in cell-to-cell spread but not in entry of extracellular virus, this glycoprotein complex provides an important molecular tool with which to study cell-to-cell spread. We expressed gE and gI by using adenovirus (Ad) vectors in human epithelial cells, cells that are particularly important in terms of the biology of HSV, in order to study the subcellular localization of gE-gI and effects of these glycoproteins on cells without the pleiotropic effects of other HSV polypeptides. The gE-gI complex accumulated specifically on those lateral surfaces of epithelial cells that were forming cell junctions but was not found on those lateral surfaces that were not in contact with another cell. By contrast, another HSV glycoprotein, gD, was found predominantly on the apical surfaces of the cells. These results support the hypothesis that gE-gI binds to components of epithelial cell junctions.
MATERIALS AND METHODS
Cells and viruses. HEC-1A endometrial epithelial cells (4) (a gift of Jay Nelson, Oregon Health Sciences University) were grown in RPMI medium (BioWhittaker Inc., Walkersville, Md.) supplemented with 10% (vol/vol) heatinactivated fetal bovine serum (FBS; BioWhittaker). 293 cells (17) and Vero cells were grown in Dulbecco's modified minimal essential medium (DMEM; BioWhittaker) supplemented with 10 and 5% FBS, respectively. HSV-1 strains F (obtained from P. G. Spear, Northwestern University Medical School, Chicago, Ill.), F-US7kan (25) , and F-gE␤ (14) were propagated on, and their titers were determined on, Vero cells. Two replication-competent Ad vectors, AdgE and AdgI, that were described previously (19) will be denoted Ad(E1 ϩ )gE and
, and AddlE1, which contains no HSV sequences, are all replication-defective (E1 Ϫ ) Ad vectors, and they were propagated on, and their titers were determined on, 293 cells.
Antibodies. Monoclonal antibody (MAb) 3104, specific for gI, and MAb 3114, specific for gE (25) , were gifts of Anne Cross and Nigel Stow (Institute of Virology, Glasgow, United Kingdom). MAb II-481, specific for gE, was a gift of Patricia Spear (Northwestern University Medical School). MAb DL-6, specific for gD (22) , was a gift of Gary Cohen and Roselyn Eisenberg (University of Pennsylvania, Philadelphia). A mouse MAb directed against ␤-catenin and a mouse MAb specific for E-cadherin were obtained from Transduction Laboratories (Lexington, Ky.), and rabbit polyclonal antibodies directed against ␤-catenin were from Sigma. A rabbit anti-ZO-1 serum was obtained from Zymed Laboratories (South San Francisco, Ca.). Texas red-coupled goat anti-rabbit immunoglobulin G (IgG) and fluorescein isothiocyanate (FITC)-and Cy3-coupled goat anti-mouse IgG were obtained from Jackson ImmunoResearch Labs Inc. (West Grove, Pa.). BODIPY-coupled goat anti-FITC IgG was obtained from Molecular Probes (Eugene, Oreg.). The FITC analogue Oregon green was directly coupled to MAb 3114 by using a FluoReporter Oregon green-488 protein labelling kit (Molecular Probes) as described by the manufacturer. Horseradish peroxidase-conjugated goat anti-mouse IgG was obtained from Amersham Life Sciences, Inc. (Arlington Heights, Ill.).
Construction of replication-defective recombinant Ad vectors expressing either gE or gI. All restriction and DNA modification enzymes were obtained from New England Biolabs (Beverly, Mass.). Plasmid DNA was prepared by using Qiagen 500 columns (Qiagen Inc., Chatsworth, Calif.). The full-length gE and gI genes were excised from plasmids pSV2X3gE and pSV2X3gI (19) , respectively, and subcloned into plasmid pCA3 (20) by using the restriction enzymes EcoRI and XbaI. The resulting plasmids, pCA3gE and pCA3gI, respectively, contained either the gE or gI gene coupled to the human cytomegalovirus (HCMV) immediate-early promoter and followed by a simian virus 40 Triton X-100 (TX100) for 5 min. Samples were incubated with blocking buffer (PBS with 2% normal goat serum, 2% bovine serum albumin, and 0.02% Tween 20) for 30 min. Staining for gE and ␤-catenin involved (i) incubation with anti-␤-catenin mouse MAb for 1 h, (ii) a wash step, (iii) incubation with Cy3-coupled anti-mouse IgG for 1 h, (iv) another wash step, (v) incubation with Oregon Green-coupled MAb 3114 (specific for gE) for 1 h, (vi) a third wash step, and (vii) incubation with BODIPY-coupled anti-FITC (which reacts with Oregon Green) antibodies for 1 h. Staining for gD and ␤-catenin involved incubating cells simultaneously with anti-gD MAb DL6 and rabbit polyclonal antibodies specific for ␤-catenin, washing the cells, and then incubating the cells with FITC-coupled goat anti-mouse IgG antibodies and Texas Red-conjugated goat anti-rabbit IgG antibodies. Cells were stained for ZO-1 and either gE, gI, or gD by simultaneously incubating them with rabbit anti-ZO-1 antibodies and either anti-gE MAb 3114, anti-gI MAb 3104, or anti-gD MAb DL6 for 1 h; the cells were subsequently washed and then incubated with FITC-coupled goat antimouse IgG antibodies and Texas Red-coupled goat anti-rabbit antibodies for 1 h. Samples were mounted on microscope slides by using Vectashield (Vector Laboratories, Burlingame, Calif.) and viewed with a Leica confocal microscope.
TER and paracellular permeability. HEC-1A cells (5 ϫ 10 5 per insert) were grown for approximately 4 to 5 days on membrane filter inserts (12-mm diameter, 0.4-m pore size; Millipore) precoated with rat tail collagen (Boehringer Mannheim) until the transepithelial resistance (TER; net resistance ϭ total resistance ϫ resistance of membrane alone) reached at least 400 ⍀cm 2 . TER was measured with a Millipore Voltohmmeter. Monolayers were infected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI (400 PFU of each/cell) or AddlE1 (800 PFU/cell) or were left uninfected; then, 48 h later, the TER was measured. Similarly, cells were either infected with Ad vector or left uninfected, and after 48 h, paracellular permeability was measured by adding 1 Ci of [ 14 C]inulin/ml in 200 l of RPMI medium to the upper chamber. At 20-min intervals, the inserts were transferred to fresh wells and the quantity of radioactivity that had accumulated in the lower compartment was measured with a ␤-counter.
Determination of TX100 insolubility of gE. HEC-1A cells in 12-well dishes were coinfected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI (400 PFU of each/cell) for 48 h or were left uninfected. The cells were washed twice with Tris-saline (15 mM Tris-Cl [pH 7.5], 150 mM NaCl) and then extracted with 300 l of ice-cold extraction buffer (1 mM CaCl 2 , 1 mM MgCl 2 , 15 mM Tris-Cl [pH 7.5], and 150 mM NaCl) containing a TX100 concentration of 0, 0.05, 0.1, 0.2, 0.4, 0.5, 0.75, or 1% (wt/vol) for 10 min. The cells were then scraped into the extraction buffer, transferred to 1.5-ml centrifuge tubes, and centrifuged at 20,000 ϫ g for 30 min at 4°C. Supernatants were transferred to fresh tubes, and sodium dodecyl sulfate (SDS) and ␤-mercaptoethanol were added to 2% each. The pellets were resuspended in 400 l of 50 mM Tris-HCl, pH 6.8, containing 2% SDS and 2% ␤-mercaptoethanol. The samples were boiled and subjected to electrophoresis on 7.5% polyacrylamide gels, and then proteins were detected by Western blotting.
RESULTS

Construction of replication-defective Ad vectors expressing gE or gI.
In order to study the subcellular localization of gE-gI and effects of this protein in epithelial cells, it was useful to express the glycoproteins without other HSV polypeptides. HSV infection inhibits host protein synthesis and leads to alterations in the cytoskeleton, cell rounding, and changes in host membranes, including disruption of the Golgi apparatus (9) . We chose to construct replication-defective (E1 Ϫ ) Ad vectors expressing gE and gI. Such vectors have advantages in that Ad proteins are not expressed at significant levels and foreign proteins can be expressed at high levels and in combination in different cells. The complete coding sequences of gE and gI, derived from HSV-1 strain KOS, were excised from plasmids pSV2X3gE and PSV2X3gI (19) , respectively, using the restriction enzymes EcoRI and XbaI and inserted into the shuttle vector pCA3 (20) , so that the gE and gI genes were inserted between the HCMV immediate-early promoter and the SV40 polyadenylation sequence in a right-to-left orientation with respect to the flanking Ad E1 sequences (Fig. 1) . 293 cells (which supply E1) were cotransfected with either pCA3gE or pCA3gI and a second plasmid, pBHG10, which supplies the right end of the Ad genome, and viruses Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI were produced, respectively. Expression of gE and gI was examined after infection of HEC-1A human epithelial cells with either Ad(E1 )gI-infected cell extract which corresponded to the immature and mature form of either gE or gI, respectively ( Fig. 2A) . The gE-gI complex could be precipitated from extracts of cells coinfected with both Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI by using MAb 3104, and the quantities of labelled gE-gI complex produced in the cells were similar to those produced in cells infected with HSV-1 ( Fig.  2A) . Western blot analysis indicated that the quantity of gE that accumulated by 36 or 48 h of infection with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI was greater than that observed in HSV-infected cells, 8 h after infection (Fig. 2B) .
Cell surface transport of gE requires gI in epithelial cells. Nonpolarized cell lines (e.g., Vero, Hep-2, and R970 cells) have been used extensively to examine the functions of HSV glycoproteins during viral replication. However, the effects of gE-gI on cell-to-cell spread are less evident in these nonpolarized cells and much more evident in primary fibroblasts or epithelial cells. Therefore, we studied the subcellular localization of and effects of expressing gE-gI in HEC-1A cells, human mucosal epithelial cells that display all of the functional characteristics of fully polarized epithelial cells: (i) high TER; (ii) asymmetrical budding of influenza virus and vesicular stomatitis virus from the apical and basolateral domains, respectively; and (iii) polarized distribution of endogenous cellular proteins (e.g., polyimmunoglobulin receptor) (4).
When HEC-1A cells were infected with Ad(E1 Ϫ )gE, gE was predominantly found in a perinuclear region, often localized to one side of the nucleus, and did not appear to be present on the plasma membrane (Fig. 3A) . When cells were coinfected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI, the staining pattern of gE changed dramatically; gE staining was primarily found at boundaries of cells, in a ring-like pattern separating adjoining cells, and there was little perinuclear staining (Fig. 3B) . How-
FIG. 1. Construction of replication-defective (E1
Ϫ ) Ad vectors expressing gE or gI. The full-length gE and gI genes were subcloned into the Ad shuttle plasmid pCA3, which contains the left end of the Ad type 5 genome. In pCA3gE and pCA3gI, the gE and gI genes, respectively, were flanked by the HCMV immediate-early promoter and the SV40 poly(A) sequence, so that transcription was in the leftward direction, opposite the direction of E1 transcription. Recombi 36 or 48 h of infection with the Ad vectors, the cell monolayers were scraped into SDS gel electrophoresis buffer. Samples were boiled, and the proteins were separated by polyacrylamide gel electrophoresis and then transferred to nylon membranes. gE was detected by incubating the blots with MAb II-481. The blots were washed and then incubated with horseradish peroxidase-coupled anti-mouse antibodies, and these antibodies were detected by enhanced chemiluminescence.
ever, regardless of whether gI was expressed, gE could not be detected on the apical surfaces of the cells; i.e., the glycoprotein was not detected if the cell monolayer was not permeabilized with detergent to allow access of antibodies to the cytoplasm and basolateral plasma membrane ( Fig. 3D and E) . Similar results were observed when HEC-1A cells were infected with replication-competent (E1 ϩ ) Ad vectors expressing gE or gE plus gI (19) . In this case, lower multiplicities of infection (20 PFU/cell) were used and gE-gI expression was observed early (18 h) after infection, but again, when gE was expressed alone (without gI), the glycoprotein was retained in a perinuclear region of the cytoplasm (data not shown). Another HSV glycoprotein, gD, expressed by using a replicationdefective (E1 Ϫ ) Ad vector, Ad(E1 Ϫ )gD, was readily detected by anti-gD antibodies without permeabilization of the cells and was thus on the apical surfaces of the cells (Fig. 3F) . Therefore, transport of gE to the cell surface in these polarized epithelial cells requires coexpression of gI, and gE-gI accumulates on the basolateral plasma membrane and not on the apical surface. These results were in contrast to our previous observations with human R970 cells, highly transformed, nonepithelial cells that do not form extensive cell junctions (19) . When gE was expressed without gI in R970 cells (using the E1 ϩ Ad vectors), gE was largely processed to the mature form, could be iodinated on the cell surface by using lactoperoxidase, and bound IgG-coated red blood cells on the cell surface. gE and gI expressed by Ad vectors accumulates along lateral but not basal or apical surfaces of epithelial cells. Confocal microscopy was used to examine the distribution of gE in more detail. HEC-1A cells were coinfected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI and stained simultaneously for gE and either ZO-1 or ␤-catenin. ZO-1 is a cytoplasmic protein and a component of tight junctions that is important for tight-junction integrity (reviewed in reference 3). Tight junctions are localized just below the apical membranes of epithelial cells and are responsible for polarizing the apical and basolateral domains of the plasma membrane and for restricting the movement of solutes from the apical to the basolateral compartments. ␤-Catenin is a cytoplasmic protein and a component of adherens junctions, cell junctions that are located more uniformly along the lateral plasma membrane beginning just below tight junctions and extending to the basal surface. Adherens junctions are formed through homophilic binding of cadherins proteins, Ca-dependent cell adhesion molecules (CAMs) which are linked to the cytoskeleton by ␤-and ␣-catenins (reviewed in reference 54).
Extensive colocalization of gE and ␤-catenin was observed along the entire lateral plasma membrane of the HEC-1A cell, beginning just below the level of the tight junctions. Representative images of a section near the middle of the lateral surface of a HEC-1A cell, with gE in green and ␤-catenin in red, are shown in Fig. 4A to C, but a similar pattern was observed along the entire lateral surface, except near the apical surface. At these subapical domains, there was intense staining by anti-ZO-1 antibodies but not by anti-gE antibodies (Fig. 4D to F) . There was also little or no gE in the cytoplasm or on the apical or basal surfaces.
Confocal sections were also taken through the z axis of cells expressing gE-gI, i.e., on a plane perpendicular to the images in Fig. 4A to F, so that the view is from the side of the monolayer and the apical membrane extends horizontally along the top of the image. z-axis images showed clearly that gE (green) accumulated along most of the lateral borders between cells, extending from the bottom of the image (basal membrane) to near the apical membrane (Fig. 4G ). There was little or no gE found on either the apical or basal surfaces, and gE was excluded from tight junctions, which were stained by anti-ZO-1 antibodies (red). Moreover, gI was distributed in Ad(E1 Ϫ )gE-and Ad(E1 Ϫ )gI-infected HEC-1A cells in a manner similar to gE, predominantly along the lateral plasma membrane, below the level of the tight junction (Fig. 4H) , and extensively colocalized with ␤-catenin (data not shown). gE and gI also accumulated along the lateral plasma membranes after expression with replication-competent (E1 ϩ ) Ad vectors (data not shown). By contrast, HSV glycoprotein gD, expressed by Ad(E1 Ϫ )gD, accumulated primarily along the apical plasma membranes of HEC-1A cells (Fig. 4I) . The observations that gE-gI was exclusively along the lateral surface and that gD was primarily on the apical surface extended to MDCK canine epithelial cells and A431 human epithelial cells (data not shown).
Subcellular distribution of gE-gI and gD in HSV-infected epithelial cells. As with epithelial cells in which gE and gI were . The cells were fixed with paraformaldehyde, permeabilized with 0.2% TX100, washed, and then incubated with various antibodies as follows. (A to C) Anti-␤-catenin MAb (red) followed by Cy3-coupled anti-mouse antibodies and then with anti-gE MAb 3114 (green) coupled directly to Oregon Green followed by BODIPY-coupled anti-FITC antibodies (which react with Oregon Green); (D to G) rabbit anti-ZO-1 (red) and, simultaneously, anti-gE MAb 3114 (green) followed by FITC-coupled anti-mouse IgG antibodies and Texas Red-coupled anti-rabbit antibodies; (H) rabbit anti-ZO-1 (red) and, simultaneously, anti-gI MAb 3104 (green) followed by FITC-coupled antimouse IgG antibodies and Texas Red-coupled anti-rabbit antibodies; (I) rabbit anti-ZO-1 (red) and, simultaneously, anti-gD MAb DL6 followed by Texas Red-coupled anti-rabbit antibodies and FITC-coupled anti-mouse IgG antibodies; (J to O) as in A to C, anti-␤-catenin MAb (red) followed by anti-gE MAb (green); (P to R) rabbit anti-␤-catenin (red) and, simultaneously, anti-gD MAb DL6 followed by FITC-conjugated anti-mouse and Texas Red-coupled anti-rabbit antibodies. The left panels show HSV gE or gD in green, the same image with ␤-catenin or ZO-1 stained in red in the middle panels, and the two signals are combined in the right panels, except in panels G to I, which show combined signals of ZO-1 and either gE (G), gI (H), or gD (I). The arrows indicate borders of cells not in contact with other cells and without gE-gI and ␤-catenin.
expressed by Ad vectors, gE-gI accumulated along the lateral plasma membranes of HSV-1-infected HEC-1A cells. After 8 h of infection with HSV-1, gE largely accumulated in the lateral membranes, often being restricted to patches in the central region of the membrane, but there was also a small fraction of gE present in cytoplasmic membranes (Fig. 4J to L) . By 11 h, gE was distributed more uniformly along and across the lateral plasma membranes, and there was little or no gE found in the cytoplasm (Fig. 4M to O) . As with cells infected with the Ad vectors, there was no gE on the apical surfaces of HSV-infected cells. A pattern similar to this was observed for gI, and the viral inoculum did not contribute to this pattern of glycoprotein expression (data not shown). By contrast, gD was found more widely distributed on all plasma membrane surfaces, including the apical surfaces, and within the cytoplasm of HSV-infected HEC-1A cells, and although there was also some gD colocalizing with ␤-catenin on the lateral surfaces, gD did not accumulate at sites of cell-cell contact to the extent that was observed for gE-gI (Fig. 4P to R) . Therefore, gE-gI, produced in Ad-or HSV-infected cells, accumulates along the lateral surfaces of epithelial cells, below the level of the tight junctions, whereas gD is primarily present on the apical plasma membrane, as well as in the cytoplasm. gE accumulates at cell junctions but not on lateral surfaces that are not forming junctions. In subconfluent monolayers of HEC-1A cells, ␤-catenin was concentrated at cell junctions but was not found on those lateral membranes that were not in contact with another cell (Fig. 4B) . The white arrows in Fig. 4 indicate cell borders where cells are not in contact with other cells. This was to be expected because cadherins and adherens junctions form only at sites at which cells contact one another. In both AdgE/gI-and HSV-infected cells, gE was found only at sites of cell-cell contact and was absent from those lateral surfaces not in contact with an opposing cell ( Fig. 4A and M) . This observation has important implications because the specific accumulation of gE-gI at cell junctions was independent of cell polarization; there was no requirement that tight junctions and other cell junctions must encircle the cells. Therefore, targeting of gE-gI to the basolateral membrane and its retention there by virtue of the barrier imposed by tight junctions cannot account for the accumulation of gE-gI along the lateral surfaces of epithelial cells.
Solubility of gE-gI in nonionic detergent. In polarized epithelial cells, the accumulation of cellular proteins at cell junctions often involves binding to components of the cytoskeleton (reviewed in reference 31). For example, the Na ϩ ,K ϩ -ATPase and E-cadherin bind to components of the cortical cytoskeleton, and this correlates with an increase in resistance to extraction with nonionic detergents (e.g., TX100) at concentrations greater than 0.5% (18, 34, 36) . It was of interest to determine whether gE-gI would resist extraction with low concentrations of TX100, providing evidence that gE-gI was bound to the cytoskeleton. HEC-1A cells were coinfected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI, and cell extracts were made by using increasing concentrations of TX100, from 0 to 1% (wt/ vol). The extracts were centrifuged to pellet the insoluble cytoskeletal fraction, and then gE or E-cadherin was detected by Western blotting. As shown in Fig. 5 , a substantial fraction of the gE could be solubilized with 0.05% TX100, and the majority of the glycoprotein could be solubilized with 0.1% TX100. By contrast, little of the E-cadherin was solubilized with 0.05% TX100, and only a fraction of the protein was solubilized with 0.1% TX100. There were significant fractions of the total E-cadherin that were not solubilized with 0.2, 0.4, or 0.75% TX100, conditions under which the majority of gE was solubilized. These results suggest either that gE-gI does not bind tightly to the cytoskeleton or that its interaction with the cytoskeleton is disrupted by relatively low concentrations of TX100.
Expression of gE does not disrupt epithelial cell junctions. Previously, it was reported that there was a redistribution of the cell junction markers ZO-1, B-cadherin, and ␤-catenin in HSV-infected human retinal epithelial cells (28) . It was suggested that gE-gI might contribute to this phenomenon, leading to increases in paracellular permeability (28) . In our experiments, gE-gI expression did not cause an obvious redistribution of either ZO-1 or ␤-catenin in HEC-1A, MDCK, or A431 epithelial cells, and there were no obvious alterations in the cell junctions as determined by light microscopy. Cell rounding and redistribution of junctions were observed after HSV infection, but only late (16 to 18 h) after infection, and there were no obvious differences when gE or gI was absent (mutants F-gE␤ and F-US7kan, respectively) (data not shown).
To assess the integrity of tight junctions, we examined the resistance of epithelial monolayers (TER). HEC-1A cells were grown on filter supports until a polarized monolayer was established, and then the cells were infected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI or with a replication-defective control vector, AddlE1, that does not express gE or gI. More than 90% of the cells grown on filters and infected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI stained positive for gE and gI (data not shown), and the quantity of gE-gI expressed in the ("mock") cells was larger than that in HSV-1-infected cells (Fig. 2B ). There were no significant differences in TER when uninfected cells or cells infected with AddlE1 were compared to cells infected with Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI; in all cases, the resistance of the cell monolayer was greater than 400 ⍀cm 2 (Fig. 6A) . We also examined the paracellular transport of 14 C-labelled inulin (a small molecule of ϳ5,000 Da) across epithelial cell monolayers, from the apical to the basolateral compartments. After HEC-1A cells were allowed to become polarized, they were infected either with AddlE1 or with Ad(E1 Ϫ )gE plus Ad(E1 Ϫ )gI or were left uninfected, and then 14 C-labelled inulin was added to the apical compartment of the monolayer and the accumulation of radiolabel in the basal compartment was measured. With membrane inserts alone, the labelled inulin was able to accumulate rapidly in the basal compartment, with maximum levels being achieved within 20 min (Fig. 6B) .
Movement of [
14 C] inulin from one compartment to the other was markedly reduced when HEC-1A cells were grown on the FIG. 5. Solubility of gE in the nonionic detergent TX100. HEC-1A cells were infected with both Ad(E1 Ϫ )gE and Ad(E1 Ϫ )gI for 48 h, washed with Tris-saline, and then scraped into extraction buffer containing 0.1% TX100. Cell extracts were centrifuged at 20,000 ϫ g for 30 min. Proteins in the pellets (P) and supernatants (S) were denatured in buffer containing 2% SDS and 2% ␤-mercaptoethanol; then the proteins were boiled, subjected to electrophoresis, and transferred to nitrocellulose. gE was detected by incubating the blots with MAb II-481, and E-cadherin was detected with an anti-E-cadherin MAb; in each case, this was followed by incubation with horseradish peroxidase-coupled anti-mouse IgG antibodies and ECL (Amersham). membranes (Fig. 6B) . Infection of the cells either with Ad(E1 Ϫ )gE plus Ad(E1 Ϫ )gE or with AddlE1 had no effect. Therefore, the expression of gE-gI without other HSV proteins does not cause redistribution of junction proteins or affect the function of tight junctions in human HEC-1A cells.
DISCUSSION
Previous work with HSV and the related alphaherpesviruses PrV and varicella-zoster virus has clearly demonstrated that gE-gI mediates or facilitates cell-to-cell spread, especially in solid tissues such as epithelium, in the nervous system, and with certain cultured cells, e.g., normal fibroblasts, epithelial cells, and neurons, cells that form extensive cell junctions (2, 24, 25) . Other HSV glycoproteins function similarly in cell-tocell spread, but unlike these glycoproteins, gE-gI functions in cell-to-cell spread but not in the entry of extracellular virions. Therefore, interactions between gE-gI and cell junctions may provide molecular details of how a herpesvirus moves directly from cell to cell.
When gE-gI was expressed in HEC-1A cells or in other epithelial cells by recombinant Ad vectors, the protein accumulated specifically along the lateral surfaces of cells and was not found on either the apical or basal surfaces or at tight junctions. Sorting of gE-gI to the basolateral surfaces of these cells cannot explain the subcellular localization of gE-gI. This specific accumulation did not include the basal surface and was observed in subconfluent monolayers of cells, before the cells became polarized and before tight junctions encompassed the cell, excluding glycoprotein movement to the apical surface. This observation has important implications for understanding how gE-gI mediates cell-to-cell spread. In those epithelial cells that were not in contact with other cells along one cell border, gE-gI exclusively accumulated at cell junctions. Thus, glycoproteins inserted into either lateral membrane should be capable of diffusion to apical or other basolateral domains, without restriction by tight junctions. We observed a similar distribution of gE-gI in HSV-infected HEC-1A cells, but a second HSV glycoprotein expressed by Ad vectors, gD, predominantly accumulated on the apical surface.
The simplest interpretation of our results is that gE-gI is retained at epithelial cell junctions by binding to components of the cell junctions. This is the case for cellular CAMs and other cell junction components which are found specifically at sites of cell-cell contact and not at lateral surfaces which are not in contact with other cells. For example, cadherins are localized to cell junctions by virtue of homophilic interactions with other cadherins, and without such interactions the cadherins are rapidly endocytosed (reviewed in reference 54). Certain cellular proteins accumulate at cell junctions through interactions with the cytoskeletal elements (31, 46) , but in our experiments involving TX100 extraction, gE-gI did not appear to be tightly bound to the cytoskeleton. However, these results must be viewed with some caution because gE-gI may interact with the cytoskeleton, directly or indirectly, by virtue of interactions that are sensitive to TX100. The uniform distribution of gE-gI along the lateral surfaces of cells, underneath the tight junctions, was similar to that of ␤-catenin, a component of adherens junctions; thus, likely candidates for cellular ligands of gE-gI are the cadherins or other components of adherens junctions. gE and gI mutants also show defects in cell-to-cell spread in normal human fibroblasts and neurons (14, 15) , cells that form well-defined cell junctions but over a smaller percentage of the cell membrane. Therefore, we expect that putative cellular ligands for gE-gI will not be restricted to epithelial cells.
In other cell types, primarily highly transformed cell linese.g., Vero or R970 cells-that do not form extensive cell junctions, gE-gI does not affect cell-cell spread. Previous studies involving nonpolarized cell lines such as L cells, Vero cells, and human R970 and HeLa cells indicated that gE moved to the cell surface without gI (5, 19, 45) . Here, we found that gE accumulated in perinuclear, cytoplasmic vesicles in epithelial cells, consistent with reports that HSV gE and alphaherpesvirus gE homologues require coexpression of gI for efficient transport to the cell surface in some but not all types of cells (29, 33, 49, 50, 53) . Therefore, there appears to be retention in the endoplasmic reticulum and possibly misfolding of gE when the glycoprotein is expressed without gI, at least in some types of cells. These results highlight the importance of considering gE-gI as a functional and structural complex and of characterizing gE-gI trafficking and function in cells that closely approximate those infected in vivo.
Previously, there have been reports that certain HSV-2 glycoproteins were transported to either the basolateral domain of bovine and monkey epithelial cells (47) or the apical domains of neuroblastoma cells (37) when the proteins were expressed by HSV-2 infection. It is not clear why our observa- tions differ from these previous results; however, we observed accumulation of gE-gI at junctions with several other epithelial cell types, including canine MDCK cells and human A431 epithelial cells. Our observation that gE-gI is not present on the apical surface was interesting in light of previous reports that gE-gI is present in the virion envelope (25, 39) . Therefore, virus particles produced in polarized epithelial cells may not contain gE-gI; alternatively, there may be very few virions on the apical surfaces of these cells. This would represent a striking difference between cells that form extensive cell junctions and those that do not. Moreover, the finding that gE-gI is not present on the apical surface complicates the notion that this complex acts as an Fc receptor (reviewed in reference 55) because, at least in these cells, gE-gI does not have access to IgG.
The accumulation of gE-gI on the lateral surfaces of epithelial cells suggests that there are sorting mechanisms that specify transport of this complex to the basolateral rather than apical membranes. Basolateral sorting in polarized cells is mediated by a variety of signals in the cytoplasmic tails of membrane glycoproteins (reviewed in references 30, 32, and 42). Many of these sequence motifs are related to or overlap with signals that cause proteins to be recognized by adaptor proteins and directed to the trans-Golgi network (TGN) and endosomes or incorporated into cell surface clathrin-coated pits and endocytosed, e.g., tyrosine-based motifs and dileucine motifs (21, 30, 32) . The cytoplasmic domain of HSV-1 gE contains a tyrosine motif, YADW, and gI contains a dileucine motif, both of which may affect TGN localization and specific transport to basolateral surfaces. Similarly, varicella-zoster virus gE contains a Tyr-based motif and an acidic domain that target the glycoprotein to the TGN and specify endocytosis (1, 38, 56) .
The accumulation of gE-gI at epithelial cell junctions in the absence of other HSV polypeptides provides important clues as to how gE-gI facilitates epithelial cell-to-cell spread. We have considered three models of how gE-gI functions, based on the present observations. The first model is based on work of Maidji et al. (28) , who suggested that gE-gI could promote cell-to-cell spread by disrupting cell junctions. In our experiments, expression of gE-gI without other HSV proteins did not lead to redistribution of ␤-catenin or ZO-1 or to alterations in paracellular movement of small molecules in a number of types of human and animal epithelial cells. In addition, we found no differences in the kinetics with which cell junctions were disrupted by wild-type versus gE Ϫ HSV-1 when all of the cells in a monolayer were infected. Therefore, it appears unlikely that gE-gI alone can disrupt epithelial cell junctions.
Two other models describing how gE-gI could affect cell-tocell spread are depicted in Fig. 7 . Model A suggests that gE-gI binds to cellular ligands concentrated at cell junctions and, as a consequence of these interactions, facilitates transfer of HSV particles into the space between cells, their movement across this space, or their fusion with the uninfected-cell membrane. It is not clear at this point whether gE-gI that is part of the virion envelope (Fig. 7A, top) or part of the plasma membrane (Fig. 7A, bottom) mediates cell-to-cell spread. Related to this point, PrV mutants in which gE was expressed, but not incorporated into the virion, formed relatively small plaques on monolayers of bovine epithelial cells (48) , consistent with the view that gE must be in the virion envelope in order to facilitate PrV cell-to-cell spread. However, it is also possible that FIG. 7 . Models for how gE-gI facilitates epithelial cell-to-cell spread. (A) gE-gI (triangles) accumulates at junctions formed between an infected cell (left) and an uninfected cell (right) by virtue of interactions with cellular ligands which are expressed in the lateral membranes of the uninfected cell. Presumably, binding of gE-gI to these cellular ligands enhances the transfer of virus across cell junctions so that virus particles can move into the space between the cells and then fuse with the opposing, uninfected cell membrane. It is not clear whether gE-gI functions in this capacity as part of the virion envelope (top) or as a constituent of the plasma membrane of the infected cell (bottom). (B) Alternatively, gE-gI may act as a trafficking signal to direct enveloped particles to the lateral plasma membrane rather than to the apical surface (as with apically sorted proteins). Since there is some evidence that the cytoplasmic domains of gE and gI have motifs that affect intracellular transport, it is likely that these cytosolic domains serve to target virions present within cytoplasmic vesicles to sites of cell-cell contact.
these mutant PrV gE molecules were mislocalized in cells. Whether gE-gI acts as part of the virion envelope or the plasma membrane, it is difficult to explain the accumulation of this complex at cell junctions without proposing that it binds some cellular component of junctions. Close apposition between the two plasma membranes at junctions would allow gE-gI to interact with a cellular ligand on an adjoining cell, in a similar fashion to CAMs. In this manner, gE-gI may provide a favorable environment for gB, gD, or gH-gL to promote entry of virus into the apposing cell. This model is also consistent with the observation that gI (and perhaps even gE) is structurally or evolutionarily related to a family of S-component glycoproteins including gD and gG (31a), and gD is known to act as a receptor binding protein (10, 23, 51) .
The second model (Fig. 7B) suggests that gE-gI acts by sorting virus particles, so that virions are preferentially transported to lateral surfaces and cell junctions rather than to the apical plasma membrane. Since most cytoplasmic virions are within membrane vesicles, it is likely that this sorting involves the cytoplasmic tails of gE or gI that are part of these vesicles. Thus, the gE-gI cytoplasmic tails may interact with the cellular sorting machinery to direct virus particles to sites of cell-cell contact. To explain the accumulation of gE-gI at cell junctions in this model, we propose that junctions are the final destination, so that gE-gI accumulates there after long-term expression. It is important to note that these two models are not necessarily mutually exclusive. It will be important to study the effects of mutating gE and gI on the subcellular trafficking of gE-gI, its localization to cell junctions, and its cell-to-cell spread.
